Abstract All water use in the world is ultimately linked to final consumption by consumers. It is therefore interesting to know the specific water requirements of various consumer goods, particularly the water-intensive ones. This information is relevant not only for consumers, but also for food processors, retailers, and traders. The objective of this paper is to carry out a pilot study on water footprint accounting and impact assessment for a hypothetical sugar-containing carbonated beverage in a 0.5 l PET-bottle produced in a hypothetical factory that takes its sugar alternatively from sugar beet, sugar cane and high fructose maize syrup and from different countries. The composition of the beverage and the characteristics of the factory are hypothetical but realistic. The data assumed have been inspired by a real case. This paper does not only look at the water footprint of the ingredients of the beverage, but also at the water footprint of the bottle, other packaging materials and construction materials, paper and energy used in the factory. Although most companies focus on their own operational performance, this paper shows that it is important to consider freshwater usage along the supply chain. The water footprint of the beverage studied has a water footprint of 150 to 300 l of water per 0.5 l bottle, of which 99.7-99.8% refers to the supply chain. The study also shows that agricultural ingredients that constitute only a small fraction in weight of the final product have the biggest share at the total water footprint of a product.
Introduction
Freshwater in sufficient quantities and adequate quality is a prerequisite for human societies and natural ecosystems (Costanza and Daly 1992) . Today, around 70% of the total freshwater withdrawal by humans is for irrigated agricultural use (Gleick 1993; Bruinsma 2003; Shiklomanov and Rodda 2003; UNESCO 2006) . Agriculture as a whole is responsible for about 86% of the worldwide freshwater use (Hoekstra and Chapagain 2007) . Agriculture has to compete with other water users like municipalities and industries (Rosegrant and Ringler 1998; UNESCO 2006) . Freshwater is a basic ingredient for many companies' operations, and effluents may pollute the local hydrological ecosystems. Many companies have addressed these issues and formulated proactive management strategies (Gerbens-Leenes et al. 2003) . A company may face four serious risks related to failure to manage the freshwater issue: damage to the corporate image, the threat of increased regulatory control, financial risks caused by pollution and insufficient freshwater availability for business operations (Rondinelli and Berry 2000; WWF 2007) .
The water footprint is an indicator of water use that looks at both direct and indirect water use of a consumer or producer. The water footprint of an individual, community or business is defined as the total volume of freshwater that is used to produce the goods and services consumed by the individual or community or produced by the business . Water use is measured in terms of water volumes consumed (evaporated or incorporated into the product) and polluted per unit of time. The water footprint is a geographically explicit indicator, not only showing volumes of water use and pollution, but also the locations. Compared to other water accounting tools, water footprint provides the most extended and complete water accounting method, since it includes both direct and indirect water use and considers both water consumption and pollution. It has already been applied for various purposes, such as the calculation of the water footprint of a large number of products from all over the world (Chapagain and Hoekstra 2004 ), but so far there have been few applications for business accounting.
The objective of this paper is to carry out a pilot study on water footprint accounting and impact assessment for a hypothetical sugar-containing carbonated beverage in a 0.5 l PET-bottle produced in a hypothetical factory that takes its sugar alternatively from sugar beet, sugar cane and HFMS (high fructose maize syrup) sourced from different countries. The aim is primarily to learn from the practical use of existing water footprint accounting and impact assessment methods and to refine these methods and develop practical guidelines. The whole assessment has been inspired by a real case. From a scientific point of view, this paper aims to assess the necessary scope of analysis and, in particular, to explore the degree of detail required in such a study. Finally, an impact assessment of the water footprints is carried out, identifying the hotspots or high-risk areas.
Method
This study estimates the water footprint of a hypothetical 0.5 l PET-bottle sugarcontaining carbonated beverage. It looks into more detail at the water footprint of the sugar input, by considering three different sources (sugar beet, sugar cane and HFMS) and various countries of origin. The water footprint of different ingredients and other inputs is calculated distinguishing the green, blue and grey water components. The green water footprint refers to the global green water resources (rainwater) consumed to produce the goods and services. The blue water footprint refers to the global blue water resources (surface water and ground water) consumed to produce the goods and services. 'Consumption' refers here to 'evaporation' or 'incorporation into the product'. It does not include water that is withdrawn but returns to the system from where it was withdrawn. The grey water footprint is the volume of polluted water that associates with the production of goods and services. The calculation methods applied in this study follow Hoekstra et al. (2009) .
The total water footprint of a business contains various components as shown in Fig. 1 . The 'business' considered in this paper refers to the part of the factory that produces our 0.5 l PET bottle sugar-containing carbonated beverage. The factory produces also other products, but this falls outside the scope of this paper. The water footprint of our product includes both an operational water footprint and a supply-chain water footprint. The operational (or direct) water footprint is the volume of freshwater consumed or polluted in the operations of the business itself. The supply-chain (or indirect) water footprint is the volume of freshwater consumed or polluted to produce all the goods and services that form the input of production of the business. Both operational and supply-chain water footprint consist of two parts: the water footprint that can be directly related to inputs applied in or for the production of our product and an overhead water footprint. In both cases, we distinguish between a green, blue and grey water footprint. Figure 2 shows the production system of our product. It shows the four main ingredients of the beverage (water, sugar, CO 2 and syrup for flavoring) and the other main inputs of production (bottle, cap, label and glue, packing materials). The production system shown in Fig. 2 does not show the overhead of production. The overhead of production refers to all inputs used that cannot be solely attributed to the production of the specific product considered. The overhead water footprint refers to freshwater use that in first instance cannot be fully associated with the production of the specific product considered, but refers to freshwater use that associates with supporting activities and materials used in the business, which produces not just this specific product but other products as well. The overhead water footprint of a business has to be distributed over the various business products, which is done based on the relative value per product. The overhead water footprint includes, for example, the freshwater use in the toilets and kitchen of a factory and the freshwater use behind the concrete and steel used in the factory and machineries.
Data Sources and Assumptions
For the assessment, we have formulated a hypothetical sugar-containing carbonated beverage in a 0.5 l PET-bottle and a hypothetical factory that takes its sugar alternatively from sugar beet, sugar cane and HFMS (high fructose maize syrup) sourced from different countries. The factory itself is assumed to be in the Netherlands, but many of the inputs come from other countries. The composition of the beverage and the characteristics of the factory are hypothetical but realistic. The set of data assumed has been inspired by a real case.
Operational Water Footprint

Operational Water Footprint Directly Associated with the Production of the Product
The following components are defined as operational water footprint:
• Water incorporated into the product as an ingredient.
• Water consumed (i.e. not returned to the water system from where it was withdrawn) during the production process (during bottling process, washing, cleaning, filling, labeling and packing).
• Water polluted as a result of the production process.
The first two components form the blue operational water footprint; the third component forms the operational grey water footprint. There is no use of green water (rainwater) in the operations, so there is no operational green water footprint.
The water used as ingredient is 0.5 l per bottle. The production of our beverage includes the following process steps: bottle making (from PET resins to PET-bottle forms), bottle cleaning (by air), syrup preparation, mixing, filling, labeling and packing. During all these processes, there is no water consumption.
All wastewater produced during the production steps of the beverage is treated at a municipal wastewater treatment plant. The concentrations of chemicals in the effluent of the wastewater treatment plant are equal and in some instances even lower than the natural concentrations in the receiving water body. With this assumption, the grey component of the operational water footprint is effectively zero.
Overhead Operational Water Footprint
The overhead operational water footprint is the water consumed or polluted as a result of:
• Water consumption by employees (drinking water).
• Water consumption or pollution as a result of water use in toilets and kitchen.
• Water consumed or polluted due to washing of the working clothes of the employees.
• Water consumed or polluted due to cleaning activities in the factory.
• Water consumption in gardening.
The factory considered in this study produces a number of different beverage products; our beverage is just one of them. Therefore, only a fraction of the total overhead water footprint is attributed to our beverage product, based on the ratio of the annual value related to the production of this specific product to the annual value of all products produced in the factory. The annual production value of our beverage product is 10% of the total production value of all beverage products produced by the factory.
In this study we assume that drinking water is negligible and that there is no gardening. It is further assumed that all water used during the other activities specified above returns to the public sewerage system and is treated in a municipal wastewater treatment plant such that the effluent causes no grey water footprint. As a result, the overhead operational water footprint is estimated as zero.
Supply-Chain Water Footprint
Supply-Chain Water Footprint Related to the Product Inputs
The supply-chain water footprint related to product inputs consists of the following components:
• Water footprint of product ingredients other than water (sugar, CO2, phosphoric acid, caffeine from coffee beans, vanilla extract, lemon oil and orange oil).
• Water footprint of other inputs used in production (bottle, cap, labeling materials, packing materials). Table 1 specifies, per ingredient, the precise amount contained in a 0.5 l bottle. It also shows which raw material each ingredient underlies and what the country of origin of the raw material is. In the case of sugar, the study considers three alternative sources: sugar beet, sugar cane and maize (which is used to make high fructose maize syrup). Table 1 also specifies the amounts of the other inputs used, again per 0.5 l bottle. The figures for the amounts used are based on realistic values, similar to the ones on the commercial market. During bottle production, 25% of the material consists of recycled material. This ratio is taken into account in the calculations by using a Breedveld et al. (1998) fraction of 0.75 to calculate the amount of new material used. A similar approach has been used for pallets, which have a lifespan of 10 years (fraction 0.1 applied to the total used).
For the beverage ingredients, data on the water footprints of the raw materials, process water requirements, and product and value fractions, are presented in Table 2 . The water footprints of the various forms of sugar from different countries have been taken mainly from Gerbens-Leenes and Hoekstra (2009). For four selected countries (France, Italy, Spain and the Netherlands), the water footprint of sugar beet is specifically calculated as part of the scope of this study. The water footprints of other ingredients are taken from Chapagain and Hoekstra (2004) . For the other inputs used in the production of a 0.5 l bottle of our beverage, water footprints of raw materials and process water requirements are presented in Table 3 .
Overhead Supply-Chain Water Footprint
The overhead supply-chain water footprint originates from all goods and services used in the factory that are not directly used in or for the production process of one particular product produced in the factory. The factory produces other products than our 0.5 l PET bottle of sugar-containing carbonated beverage as well, so the overhead water footprint needs to be allocated only partly to our product.
Goods that could be considered for the calculation of the overhead supply-chain water footprint are for example: construction materials and machineries used in the factory, office equipments and materials, cleaning equipments and materials, kitchen equipments and materials, working clothes used by employees, transportation, and energy for heating and power. This list can be extended further. For the scope of this study, it was decided to include some selected materials for the calculation of overhead water footprint in order to understand the influence of such elements on the total water footprint of the final product. The materials selected for assessment are the following:
• Construction materials (concrete and steel) • Paper • Energy in the factory (natural gas and electricity) • Transportation (vehicles and fuel)
The amounts of materials used in our factory are specified in Table 4 . For paper and energy use in the factory and transportation fuels, annual amounts are given. For construction materials and vehicles, total amounts are given with a specification of the lifespan of the totals. The lifespan can be used to calculate annual figures from the totals. For the vehicles, it is assumed that average lifespan of a track is 10 years. Table 5 gives the water footprints of the raw materials relating to the overhead goods and the process water requirements.
The value of the 0.5 l PET bottles of our beverage is 10% of the total value of products produced in the factory. Therefore, 10% of the total overhead water footprint of the factory will be allocated to our product. The annual production is 30 million bottles per year, so the overhead water footprint per bottle is found by dividing the overhead water footprint insofar allocated to our product by 30 million. 
Results
Water Footprint of a 0.5 l PET-Bottle Sugar-Containing Carbonated Beverage
The total water footprint of our beverage amounts to 169 to 309 l (Table 6 ). In calculating the total water footprint of the product, the amounts of all ingredients and other inputs are kept constant; only the type and origin of the sugar is changed in order to understand the effect of sugar type and production location on the total water footprint of the beverage. The effect of the type and origin of sugar used is shown in Fig. 3 . The total water footprint of the beverage is the highest (309 l) when the sugar originates from cane sugar from Cuba, and the lowest (169 l) when the sugar comes from beet sugar from the Netherlands. If we compare the beet sugars, our product has the highest water footprint when beet sugar is from Iran (241 l) followed by Russia (206 l), USA (194 l), Italy (189 l), Spain (185 l), France (170 l) and the Netherlands (169 l). For sugar cane, our beverage has the highest water footprint when we take the cane from Cuba (309 l), followed by Pakistan (283 l), India (221 l), Brazil (207 l), USA (199 l) and Peru (186 l). When we use HFMS as a sweetener, the order is: India (309 l), China (206 l), USA (179 l) and France (172 l). Almost the entire water footprint of the product is stemming from the supplychain water footprint (99.7-99.8%). This shows the importance of a detailed supply chain assessment. Common practice in business water accounting, however, is to focus on operational water consumption. The results of this study imply that compared to the traditional water use indicator (water withdrawal for the own operations), the water footprint provides much more information. In this particular case, the operational water footprint cannot be lowered because it is precisely equal to the amount needed as an ingredient to the beverage. The traditional indicator of water withdrawal would show a larger number, because withdrawals include return flows, while the water footprint excludes those, because return flows can be reused, so they do not impact on the available water resources like consumptive water use does. In our case, there is no consumptive water use and wastewater is treated properly before returned to the system. Figure 4 shows the color composition of the total water footprint of the product for two different countries. Pakistan has the one with the highest ratio for blue water footprint. The Netherlands has the highest ratio for green water footprint. 
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Grey WF Blue WF Green WF Fig. 3 The total water footprint of 0.5 l PET-bottle sugar-containing carbonated beverage according to the type and origin of the sugar (SB sugar beet, SC sugar cane, HFMS high fructose maize syrup) Fig. 4 The water footprint colour composition of a 0. 
Supply-Chain Water Footprint
The supply-chain water footprint of our beverage is calculated as a summation of the water footprints of all inputs (both ingredients and other inputs) and the water footprint of overhead activities. Table 7 presents the various components of the supply-chain water footprint of our beverage product. Table 8 See Table 8 See Table 8 See Table 8 Sugar is one of the main water consuming ingredients in our beverage. One of the aims of this paper is to understand the effect of sugar type and origin on the total water footprint of the beverage. For this purpose, three different commonly used sugar types are selected: sugar beet, sugar cane and HFMS. For each type, some production countries are selected for the calculation, which have high, low and average water footprints. Table 8 presents the water footprint of the sugar input in our beverage product as a function of sugar type and origin.
When we choose to use sugar beet as sugar source of our hypothetical beverage, the water footprint of the sugar input can vary from 26 l per 0.5 l bottle (when the sugar beets are grown in the Netherlands) to 98.5 l (Iran). If our source is sugar cane, the water footprint of the sugar input can vary from 43.9 l per bottle (Peru) to 167 l (Cuba). If we would use HFMS as a sweetener, not so usual in the world but common in the US, the water footprint of the sugar input will range from 29.3 l per bottle (when the maize comes from France) to 166 l (India). It is important to identify and analyze the colors of the water footprint of the product in order to assess the impacts of the water footprints. The highest blue water footprint related to the sugar input alone is 124 l with sugar cane from Pakistan and the lowest is 7 l with sugar beet from the Netherlands. The grey water footprint of the sugar input is the lowest when the sugar intake is cane sugar from Brazil (2.4 l), and highest with HFMS from China (12 l). This analysis shows that sugar type and production location affect the total water footprint of the product and the ratios green/blue/grey significantly. It shows that including the spatial dimension in water footprint assessment is indeed important. In our hypothetical beverage, the amounts of vanilla extract (0.01 g) and caffeine from coffee beans (0.05 g) inputs are very small in the total amount of the beverage. Although their physical content in the beverage is small (0.09% for caffeine and 0.02% for vanilla), their contribution to the total water footprint of the product is very high (maximum 33% for caffeine and 50% for vanilla). This study reveals that, without prior knowledge about the relevance of different inputs, a detailed and comprehensive supply-chain analysis is essential for the calculation of the water footprint of a product. Even small ingredients can significantly affect the total water footprint of a product.
Operational Water Footprint
The operational water footprint of a 0.5 l PET-bottle sugar-containing carbonated beverage has a number of components as shown in Table 9 . Both green and grey water footprints are zero. The blue water footprint is 0.5 l of water for one bottle. The total operational water footprint is thus no more than the water used as ingredient of the beverage. The 'water footprint' of the operations is lower than the 'water withdrawal' of the factory, because all water withdrawn by our hypothetical factory is returned (except for the water used as ingredient for the beverage) and purified before disposal.
Impact Assessment of a 0.5 l PET-Bottle Sugar-Containing
Carbonated Beverage
According to its definition, the water footprint concept is a geographically explicit indicator, not only showing volumes of water use and pollution, but also showing the various locations where the water is used ). This Table 9 The operational water footprint of a 0.5 l PET-bottle sugar-containing carbonated beverage means, water footprint analysis of a business/product shows the impact of business activities on nature and society by answering two fundamental questions: where (location) and when (time). It is also useful to show the blue, green and grey components of the water footprint of a business/product, because the impact of the water footprint will depend on whether it concerns the evaporation of abstracted ground or surface water, the evaporation of rainwater used for production or pollution of freshwater.
Assessment of the impacts of a water footprint starts with quantifying, localizing and describing the color of the water footprint. Next step is to identify the vulnerability of the local water systems where the footprint is located, the actual competition over the water in these local systems and the negative externalities associated with the use of the water. This kind of an assessment may lead to a corporate water strategy to reduce and offset the impacts of the water footprint (Hoekstra 2008) . The goals of a business with respect to reducing and offsetting the impacts of its water footprint can be prompted by the goal to reduce the business risks related to its freshwater appropriation. Alternatively, they can result from governmental regulations with respect to water use and pollution.
It is important to understand and evaluate the environmental impacts of all crops if we are to achieve sustainable production systems. Understanding the impact of sugar beet, sugar cane and HFMS are particularly important as there are different countries where they can be grown, and also because there is a growing interest in their potential as a source for biofuel (Gerbens-Leenes and Hoekstra 2009).
For the impact assessment of sugar usage, we compare the water footprint of sugar beet, cane and HFMS as quantified in the previous section with the water scarcity in the different regions where the water footprint is located following the method developed by Van Oel et al. (2008) . For this purpose, a water scarcity indicator by Smakhtin et al. (2004a, b) was used. This indicator deals with the withdrawalto availability ratio per river basin taking into account the environmental water requirements, which are subtracted from runoff.
Sugar Beet With a population of more than 65 million people, Iran is actually one of the most water-scarce countries of the world. It is estimated that the average annual supply of renewable freshwater per person will fall from 1,750 (2005) to 1,300 m 3 (2020). According to the 'Falkenmark thresholds', a country will experience periodic water stress when freshwater availability is below 1,700 m 3 per person per year (Falkenmark and Rockström 2004) . More than 94% of the total annual water consumption in Iran is used for agriculture, so agriculture plays a significant role in water stress in the country. In addition, the productivity of water (yield per unit of water) is very low. The water footprint of Iranian sugar beet is one of the highest in the world (Gerbens-Leenes and Hoekstra 2009). The Iranian sugar beet usage in our product leads to 99 l of water consumption per bottle, 84% of which are from blue water sources. Amongst all countries, sugar beet cultivation in Iran requires the most irrigation (highest blue water footprint). This leads to serious water problems in sugar beet cultivation regions, especially where the production rate is high. Onethird of the country's sugar factories are in the three provinces of Razavi Khorasan, Northern Khorasan and Southern Khorasan Iran that experience mostly arid climatic conditions and currently experiencing extreme water shortages. This problem has become more visible, especially in these specific parts of the country, due to recent droughts (Larijani 2005) .
Another country with a high water footprint of sugar intake is Russia with a sugarrelated water footprint of 63 l per bottle. Similar to Iran, the blue water footprint of sugar beet in Russia is high, i.e. 53% of the total water footprint. The most important problem due to sugar beet cultivation in Russia is in the area north of the Black Sea. Pollution in the rivers Dnieper and Don, which flow to the Black Sea, is causing serious environmental damage to the Black Sea ecosystem. In 1992, The Russian Federation's Committee on Fishing reported several cases of water bodies were completely contaminated by agricultural runoff. Besides pollution by excessive use of fertilizers, irrigation has also resulted in water scarcity in some areas (GerbensLeenes and Hoekstra 2009).
Andalucia is a clear hotspot since it is a water scarce region with a high water footprint in relation to sugar beet production. Sugar beet irrigation in this region has contributed to lower water levels in the Guadalquivir River, limiting water reaching important wetlands during summer (WWF 2004) .
The water quality issue is a major concern since the overuse of fertilizers on beet crops is typical of farming in general (WWF 2004) . Environmental impacts generally arise because the nutrients in the fertilizers are not entirely taken up by the crop but move into the environment. The runoff of nitrate and phosphate into lakes and streams can contribute to accelerated eutrophication and the proliferation of toxic microalgae. In the Seine-Normandy basin, irrigation has little quantitative impact on the resource, but does, however, have an indirect impact on quality because it favors intensive farming techniques and spring crops, which leave the soil bare for long periods of the year and increase the chemical load in the rivers by leaching and draining (UNESCO 2003) . This has a harmful effect on both the environment and other water uses. Improving water quality is still a major concern of the basin, where non-point source pollution from farming and urban areas is still a major problem as nitrate, pesticide and heavy metal concentrations continue to increase (ibid.).
Sugar Cane Sugarcane is the most important plant in Cuba and it was the most important foreign exchange earner of the tropical island for decades. The water footprint of sugar intake for our beverage is the highest when sugar is sugar cane sourced from Cuba, with 167 l per bottle. Sugar cane production in Cuba has also the highest water footprint in the world compared to other sugar types and production locations. Cuba has been facing several environmental problems for the last decades in relation to sugar cane production. Cuba has high-quality resources of karst water, but the quality of this water is highly susceptible to pollution. Pollution resulting from sugar cane factories is one of the main reasons that the quality of karst aquifers has deteriorated (León and Parise 2008). In addition, the untreated wastewater discharge from sugar factories in Cuba has led to oxygen deficiency in rivers and the dominance of aquatic macrophytes, which results in thick mats of weeds. This situation partially blocks the water delivery capacity of canals, which has negative effects on fishing and tourism (WWF 2004) . Due to sugar cane cultivation, deforestation in Cuba has become a major environmental problem (Monzote 2008 ). Cuba's forest area has also been drastically decreased as a result of demand for lumber; the sugar cane industry alone annually consumes 1 million cubic meters of firewood (Cepero 2000) .
Another country with a high water footprint of sugar cane is Pakistan. If we choose Pakistani sugar cane for our product, the water footprint of sugar intake will be 140 l per bottle. The sugar cane in Pakistan heavily depends on irrigation; the blue water footprint constitutes 88% of the total water footprint. Water abstractions for irrigation cause water shortage in the production regions and serious environmental problems. The Indus River is the major water resource of Pakistan. The freshwater reaching the Indus Delta has significantly decreased (90%) as a result of over-usage of water sources in the Indus basin. Sugar cane is one of the main water consuming agricultural products in the basin. The decrease in freshwater flow to the Indus Delta has negative impacts on the biodiversity of the Delta (decrease of mangrove forestlands, and danger of extinction of the blind river dolphin). Additionally, excessive water use in sugar cane cultivation areas also leads to salinity problems in Pakistan (WWF 2004) . Moreover, untreated wastewater discharge from sugar mills causes depletion of available oxygen in water sources which results in endangering fish and other aquatic life (Akbar and Khwaja 2006) .
Being the largest sugar cane producer in the world, Brazil has faced several negative impacts of sugar cane production. However, most of the sugar cane produced is used as raw material for ethanol production. Extensive sugar cane production and demand in Brazil has led to deforestation of rain forests. Moreover, sugarcane fields in the state of San Paulo are reported to cause air pollution due to preharvest burning (WWF 2004) . Water pollution due to sugar cane industry and sugar cane agricultural practice (fertilizers and pesticides) is another major environmental problem in Brazil (Gunkel et al. 2006) .
Like other countries, India is also facing environmental problems due to sugar cane cultivation. In the Indian state of Maharashtra, sugar cane irrigation uses 60% of the total irrigation supply, which causes substantial groundwater withdrawals (WWF 2004 ). India's largest river, the Ganges, experiences severe water stress. Sugar cane is one of the major crops cultivated in the area and increases water scarcity (GerbensLeenes and Hoekstra 2009). Another problem resulting from sugar cane cultivation and sugar processing activity in India is the pollution of surface and groundwater resources (Solomon 2005) .
Other Ingredients and Inputs
The results presented earlier in this chapter show that vanilla, which is part of the natural flavor of our beverage, contributes largely to the overall water footprint (from 27% to 50%). The source of the vanilla is Madagascar, which is the main vanilla producing country in the world. Cultivation of vanilla is one of the most labor-intensive agricultural crops and it takes up to 3 years before the crop can be harvested. Harvested flowers need a process called curing in order to take its aroma. This process needs heating of the vanilla beans in hot water (65
• C) for 3 min, which causes most environmental problems in the production countries. Thermal pollution occurs as a result of hot water discharged into freshwater systems, causing sudden increases in the temperature of the ambient water systems above ecologically acceptable limits. In addition to water contamination by means of temperature changes, the necessity of obtaining wood, the main energy source of heating, causes deforestation of rainforests (TED 2003) .
Another small ingredient of our hypothetical beverage is caffeine. Although the amount of caffeine used in the product is small, the water footprint is very high (53 l per bottle). The caffeine is sourced from coffee beans produced in Colombia, which is one of the biggest coffee producers in the world. Two major problems exist in Colombia due to coffee cultivation: loss of bird species and soil erosion. Additionally, pollution of surface and ground water resources resulting from usage of fertilizers is a major environmental problem due to coffee cultivation (TED 2001) .
The oil based materials used for the bottle of our beverage (PET-bottle, cap, stretch films and labels) have particularly a grey water footprint. In PE production, large amounts of water are used for cooling. Cooling water is considered as grey water as it increases the temperature of the receiving freshwater bodies more than what is acceptable from an ecological point of view. Water quality criteria for aquatic ecosystems indicate that water temperature may not increase by more than a few degrees Celsius compared to natural conditions (CEC 1988) . Additional freshwater sources are required to dilute hot water stemming from cooling water (to decrease the temperature of discharged cooling water in order to meet standards with respect to maximum increase of water temperature).
Conclusion
The total water footprint of our beverage is calculated as minimum 169 l (using sugar beet from the Netherlands) and maximum 309 l (using sugar cane form Cuba). The operational water footprint of the product is 0.5 l, which forms 0.2-0.3% of the total water footprint. The supply-chain water footprint constitutes 99.7-99.8% of the total water footprint of the product.
The operational water footprint of the 0.5 l PET-bottle sugar-containing carbonated beverage consists of two components: the operational water footprint the 'overhead water footprint'. The first is equal to the water incorporated into the product, which is 0.5 l. There is no other operational water footprint than this, because there is no other water consumption or pollution in the factory related to the production of the product.. There is water use in the factory for general purposes such as flushing toilets, cleaning working clothes, and washing and cooking in the kitchen, but all water used is collected and treated in a public wastewater treatment plant before it is returned into the environment. Thus, the net abstraction from the local water system for those activities is zero.
The supply-chain water footprint of the product also consists of two components: related to product inputs (ingredients and other inputs) and overhead. Most of the supply-chain water footprint of the product is coming from its ingredients (95-97%). A smaller fraction of the supply-chain water footprint comes from the other inputs (2-4%), mainly from the PET-bottle. The overhead water footprint constitutes a minor fraction of the supply-chain water footprint (0.2-0.3%).
The main impacts of the hypothetical product are stemming from the grey and blue water footprints of the product. Ingredients like sugar, vanilla, caffeine (coffee) cause contamination of natural freshwater sources (grey water footprint) because of the use of fertilizers and pesticides. The biggest impact of the water footprint of the beverage is related to the sugar ingredient. Many sugar producing countries are water-rich countries where the water footprint does not relate to water stress. There are, though, several localized hotspots, such as the sugar beet production in the Andalucia region in the South of Spain, sugar cane production in Pakistan (Indus River) and India (Ganges River), and sugar beet from Iran. With regard to water quality, pollution by nitrates is an issue in several regions, such as the case of Northern France, Russia (Black Sea), India, Pakistan, Cuba, Brazil, Iran and China. A rational N fertilization is important to reduce the environmental impact of fertilization and to increase profitability in crop production. Better management practices to reduce the environmental impacts in the sugar industry do not necessarily imply reduced productivity and profits; indeed, measures to address environmental impacts can provide economic benefits for farmers or mills through cost savings from more efficient resource use. In addition, mostly sugar cane production relates to deforestation like in Cuba and Brazil. Other negative effects of sugar production are impacts on biodiversity (decrease of mangrove forestlands, and danger of extinction of the blind river dolphin in the Indus Delta).
The results of this study show the importance of a detailed supply-chain assessment in water footprint accounting. Common practice in business water accounting is mostly restricted to the analysis of operational water use. This study shows that compared to the supply-chain water footprint, the operational side is almost negligible. The results of this study imply that compared to other water accounting tools, the concept of the water footprint provides a more comprehensive tool for water accounting.
The study shows that the water footprint of a beverage product is very sensitive to the production locations of the agricultural inputs. Even though the amount of sugar is kept constant, the water footprint of our product significantly changes according to the type of sugar input and production location of the sugar. Additionally, the type of water footprint (green, blue and grey) changes according to location, which are mainly driven by the difference in climatic conditions and agricultural practice in the production locations. These results reveal the importance of the spatial dimension of water footprint accounting.
The study reveals that detailed and comprehensive supply-chain analysis is essential for the calculation of the water footprint of a product. It shows that even small ingredients can significantly affect the total water footprint of a product. On the other hand, the study also shows that many of the components studied hardly contribute to the overall water footprint.
The general findings of this study with respect to the ratio of operational to supplychain water footprint and the relative importance of ingredients, other inputs and overhead can be extended to other beverages similar to our hypothetical beverage. The major part of the water footprint of most beverages will be stemming from the supply chain. The operational water footprint of the beverages similar to ours will be negligible compared to the water footprint of the ingredients. This shows the importance of focusing cooperate water policy towards to supply chain rather than operational water use. This is the first study quantifying the overhead water footprint of a product. Strictly spoken, this component is part of the overall water footprint of a product, but it was unclear how relevant it was. This study reveals that the overhead component is not important for this kind of studies and is negligible in practice.
By definition, the water footprint is a geographically explicit indicator, not only showing volumes of water use and pollution, but also showing the various locations where the water is used and the periods of the year in which the water is used . The question in practical applications is, however, whether it is feasible to trace the precise locations and timing of water use in the supply chain of a product. In the current water footprint study for a 0.5 l PET-bottle sugar-containing carbonated beverage we show that it is feasible to trace water use in the supply-chain relatively well, based on a desk study only. Even better and more precise results could be obtained in a more elaborate study including visits to the suppliers and finally to the farmers and mining industries producing the primary ingredients. Knowing the blue, green and grey components of the water footprint of a product and the precise locations and timing of water use is essential for water footprint impact assessment, which in turn is key for formulating mitigating policies. Accurate material flow accounting along the full supply-chain of a product would simplify water footprint accounting.
